AlInGaP LEDs are widely used in illumination applications as automotive and signalization due their low consumption and high durability. In order to verify the high durability data it is necessary to consider not only catastrophic failures but also degradation. In this work LEDs degradation at different temperature and drive current accelerated tests have been analyzed. In all the tests we have carried out an exponential degradation trend have been observed. Temperature and drive current influence in degradation rate and reliability have been evaluated.
Introduction
AlInGaP red LEDs are widely used in illumination applications as traffic lights and automotive. AlInGaP LEDs do not usually fail by means of catastrophic failures but intensity luminosity degrades with time causing device failure. Degradation rate depends on working (intensity current) and ambient conditions (temperature and humidity). LEDs manufacturers do not usually give degradation data related with all these parameters that can be the great interest in order to select LEDs working conditions and maintenance procedure. An analysis of LEDs intensity luminosity degradation and reliability with respect temperature and drive intensity current has been carried out in this work.
Tests
Commercial 5 mm AlInGaP red LEDs have been tested at different drive current (0 mA, 10 mA, 20 mA, 30 mA and 40 mA) and ambient temperatures (130 °C, 150 °C and 180 °C) in a temperature climatic chamber. Degradation of 15 LEDs have been analyzed in each of the 15 tests (five drive intensity currents at three different temperatures) in order to evaluate degradation rate and reliability at the different working and ambient conditions.
The recommended drive current is 20 mA and therefore LEDs life will be accelerated by means of temperature and drive current stresses. Climatic chamber is in a benign humidity ambient and therefore degradation related with moisture will not be taken into account in these tests. Main objectives of these tests are to analyse the influence of temperature and drive current in the intensity luminosity degradation and reliability of these LEDs.
Intensity luminosity degradation
In this work we have analyzed the intensity luminosity degradation for the different working and ambient conditions. The intensity luminosity time evolution is similar in all the tests and can be summarized as follows:
• During the first hours, this time depends on the acceleration test, intensity luminosity increases with time as it can be seen in Fig. 1 . This trend has been observed by other authors in AlInGaP LEDs [1, 2] and is attributed to a defect annealing that reduces defect concentration and improves intensity luminosity.
• After that, intensity luminosity degrades in all the LEDs. The degradation rate depends on working conditions (drive current) and ambient conditions (temperature) but in all the tests LEDs degradation follows an exponential trend as it can be seen in Fig. 2 . From this figure it is important to remark that LEDs without drive current also degrade in an exponential trend. In these tests an encapsulated browning is observed in the LEDs. This encapsulated browning is enhanced with temperature.
This exponential trend has been observed in different optoelectronic devices [3] [4] [5] [6] [7] [8] [9] and can be expressed with the following equation:
The time constant, T, is the time at which intensity luminosity decays below 0368 times the initial value. 
being P d the dissipated power of the LED equal to the product of forward voltage and forward current.In order to evaluate LED thermal resistance we have represented 7) -T a with respect P d for natural and forced convection ambient in Fig. 3 . Also it has been represented the linear regression assuming 7) = T a when P d = 0 in order to evaluate thermal resistance. In the case of natural convection evaluated thermal resistance is very similar to thermal resistance supplied by manufacturer, 240 °C/W. In the case of forced
Temperature influence in luminosity degradation
In this section temperature influence in degradation and reliability will be analyzed for the different tests. LED junction temperature [10] will be considered as the temperature parameter that affects to device reliability and degradation. Junction temperature is higher than ambient temperature due LED power consumption during working conditions. The increased temperature depends on the LED drive intensity current being higher when drive intensity current is higher. Junction temperature has been evaluated inside the climatic chamber by means of the voltagetemperature characteristics in the diode forward I-V curve [11, 12] in two different climatic chamber conditions (natural and forced convection). Junction temperature in the two different climatic chamber conditions at 150 °C ambient temperature and the different intensity currents have been measured and summarized in Table 1 .
The temperature difference between junction and ambient temperature depends directly on dissipated power by means of device convection calculated thermal resistance is roughly between 15% and 20% lower. Based on this analysis we have evaluated junction temperature at the different test conditions. On the other hand the exponential trend degradation for the different tests has been also evaluated. As it can be seen in Fig. 4 for the different intensity currents x parameter follows an Arrhenius relationship according to:
:Ce
being E A the energy activation, 7) the junction temperature, and C a constant that depends on current intensity working condition.
From Fig. 4 an energy activation of 1.5 ±0.1 eV has been obtained by least squares method for all the drive current working conditions. The C constant parameter of the Arrhenius plot has been also obtained for the different drive current ant it will be analyzed in the following section. This Arrhenius relationship has been observed by other authors in GaN [5, 7] , InGaAsP [8] and AlGalnP [9,16] LEDs.
Drive intensity current influence in luminosity degradation
C parameter has been evaluated by other authors [ 17 ] obtaining an exponential trend between C parameter and drive intensity current. In order to analyze if our data follows this trend we have represented in Fig. 5 the logarithm of C values obtained from Fig. 4 with respect drive intensity current. As it can be seen in Fig. 5a very good fit is obtained.
An exponential trend of C parameter with respect I have been obtained and therefore x parameter depends on junction temperature and drive intensity in the following way:
To obtain the influence of temperature and intensity current in degradation rate is very useful for maintainability planning in traffic lights or automotive applications.
Failure analysis
In all the tests there were very few catastrophic failures, caused at high drive intensity current and high temperature, that have not • Epoxy browning that is mainly enhanced with temperature.
• LED chip degradation that is observed by means of J/V curve time evolution. LED chip degradation is mainly observed in LEDs that have been working at high intensity drive currents. In Fig. 6 can be seen LED I-V curves time evolution in 30 mA/ 150 °C test. As it can be seen in the Figure J/V curve degrades in two different ways: at low forward voltages there is an increase of non radioactive recombination current caused by defects generation in the active layer [1, 18, 19] . At higher forward voltages a decrease of current is observed that is attributed to an increase of device series resistance [5] .
Reliability analysis
AHnGaP LEDs fails basically by means of power luminosity degradation. In order to analyse LEDs reliability it is necessary to define degradation failure. Failure is defined in the same way as Alliance for Solid-State Illumination Systems and Technologies (ASSIST) proposes for illumination applications, when power luminosity decays below 70% of initial power luminosity [20] . Based on this failure definition we have evaluated the reliability for all the tests by means of Weibull function.
From Fig. 7 we have evaluated the Weibull parameters that have been summarized in Table 2 .
Temperature influence has been analyzed temperature by means of Arrhenius law obtaining an activation energy between 1.2 and 1.5 eV depending on intensity current. This activation energy agrees with the obtained in the degradation rate data. Intensity current influence has been evaluated by means of inverse power law obtaining a n value of 2:
Based on these estimations we have evaluated MTTF at the considered working conditions, 65 °C/20 mA, obtaining a value of 3 x 10 6 h. This value is in the same range than others reported in the literature for AllnGaP LEDs [9,21] but higher than others in high humidity ambient [22] . It is necessary to take into account the benign humidity conditions of the tests.
Conclusions
Main conclusions of this work are the following:
• Degradation is the main failure mechanism of AllnGaP LEDs.
AllnGaP LEDs degradation has two different steps: during the first hours intensity luminosity increases with time and after that decays following an exponential trend.
• The exponential trend of all the tests has been analyzed. An
Arrhenius trend for temperature and exponential for intensity current has been obtained. • Degradation causes has been identified as epoxy and chip degradation by means of optical inspection and J/V curve.
An epoxy browning has been observed in all the LEDs that it is enhanced in the high temperature tests. LED chip degrades by means of an increase of non radioactive recombination current and series resistance. This degradation is enhanced with intensity current. Reliability has been evaluated by means of Weibull distribution obtaining a MTTF value of 3 x 10 6 h for 65 °C/20 mA working conditions.
